It has been demonstrated that estrogens are indispensable for male fertility in mammals. Aromatase (encoded by CYP19) catalyzes the final step of estradiol biosynthesis. However, less is known about the role of aromatase in male fertility in nonmammalian species. Fish aromatase is encoded by two separate genes: the gonad-specific cyp19a1a and the brain-specific cyp19a1b. In a recent study, we used transcription activatorlike effector nucleases to systematically generate cyp19a1a and cyp19a1b mutant lines and a cyp19a1a;cyp19a1b double-mutant line in zebrafish and demonstrated that cyp19a1a was indispensable for sex differentiation. In this study, we focused on male fertility in these aromatase-deficient zebrafish. Our results showed that all aromatase-deficient male fish had normal fertility even at 1 year after fertilization. Interestingly, we observed more spermatozoa in the cyp19a1a and double-mutant males than in the wild-type and cyp19a1b mutant males. The whole-body androgen levels, follicle-stimulating hormone b and luteinizing hormone b protein levels in the pituitary, and transcript levels of genes known to be involved in spermatogenesis and steroidogenesis in the testes were significantly higher in the cyp19a1a mutant and aromatase double-mutant males than in the wildtype and cyp19a1b mutant males. These results might explain why more spermatozoa were observed in these fish. Collectively, our findings indicate that estrogens are not needed to achieve and maintain normal fertility in male zebrafish. This finding challenges the traditional view that estrogens are indispensable for male fertility. (Endocrinology 158: 3042-3054, 2017) 
T he balance between androgens and estrogens is essential for normal reproduction in mammals. Traditionally, androgens are considered a male hormone, whereas estrogens are viewed as a female hormone. However, these opinions have been challenged (1, 2) . Zondek was the first to describe the presence of an estrogenic compound in male (stallion) urine in 1934 (3) . Thirty years later, estradiol synthesis was definitively confirmed in human testes (4) . In the 1990s, many scientists explored the expression of estrogen receptors (ERs) in the adult male reproductive tract (5) . Additionally, mice lacking a functional ERa (ERaKO) were infertile, which was the first definitive evidence showing that estrogens were needed for male fertility (6) (7) (8) (9) (10) . A large quantity of estrogens (estradiol or total estrogens) was demonstrated to be present in the rete testis fluid and in the spermatic vein in a variety of mammals (11) (12) (13) (14) , and increasing evidence suggested that estradiol played crucial roles in the development and functions of male reproductive structures (15) . Accordingly, although estrogens are classically known for their major roles in female reproduction, compelling evidence has shown that they are also involved in regulating male reproductive functions (16, 17) .
Aromatase (encoded by CYP19) is a terminal enzyme that irreversibly transforms androgens into estrogens (18, 19) . Aromatase expression is an indicator of estradiol production. In mice, CYP19 is expressed during all stages of testicular development (20) (21) (22) . Aromatase knockout (ArKO) mice are an experimental model that is used to study the effects of the absence of estrogens. ArKO mice exhibit impaired sperm motility and arrested germ cell development (at the spermatid stage) (16, (23) (24) (25) , indicating that functional aromatases play essential roles in male reproduction.
In teleost fish, the estrogen-mediated regulation of male reproduction is essentially similar to observations in mammals (26, 27) . Estrogen receptors are expressed in male fish, and the testes is one major site of expression, suggesting that estrogens are involved in regulating reproduction in males (27) (28) (29) . The plasma levels of 17b-estradiol (one of the natural estrogens in vertebrates) increase at the beginning of the reproductive cycle in teleosts (30) (31) (32) . Furthermore, 17b-estradiol has been implicated in the later stages of spermatogenesis (33) . Studies exploring contamination with endocrinedisrupting chemicals have demonstrated that a surplus of steroidal estrogens may alter sexual behavior and development and reduce fertility in male fish (34) . Taken together, these findings indicate that estrogens are an indispensable male hormone that plays an important role in male reproduction in fish.
Currently, our knowledge of estrogens in male reproduction has come mainly from studies performed in mammals. Conversely, the roles of estrogens in male fertility in nonmammalian species have not been vigorously explored. Two structurally distinct cyp19 genes called cyp19a1a and cyp19a1b have been found in most teleosts. The cyp19a1a gene is expressed primarily in the gonads, cyp19a1b is expressed mainly in neuronal tissues, and lower levels of each isoform are expressed in both of these sites in addition to other tissues (35, 36) . An aromatase knockout model that lacks aromatase products (estrogens) is an ideal model for testing whether estrogens affect the male reproductive system. Zebrafish possess two subtypes of the aromatase gene (cyp19a1a and cyp19a1b) (25, (37) (38) (39) (40) . In our previous study, we used transcription activatorlike effector nucleases (TALENs) to systematically generate cyp19a1a and cyp19a1b mutant lines and an aromatase double-mutant line in zebrafish (41) . To provide evidence that estrogens and aromatase play functional roles in male reproduction, we also investigated the fertility phenotypes of these models. Here, we provide in vivo evidence that estrogens are dispensable for achieving and maintaining normal fertility in male zebrafish.
Materials and Methods

Zebrafish husbandry
Zebrafish (Danio rerio) of a wild-type strain (AB) were reared and housed under standard laboratory conditions at 28°C with a 14:10 hour light:dark cycle (lights on at 8:00 AM) in a recirculation system at Sun Yat-Sen University. Larval and adult zebrafish were fed brine shrimp (hatched from eggs, 20 g in 4 L of saltwater) daily. All animal experiments were conducted in accordance with the guidelines and with the approval of the respective animal research and ethics committees of Sun Yat-Sen University.
Morphological and histological analyses of aromatase-deficient males
All morphological and histological analyses were performed as previously described (42, 43) . Briefly, the gross morphology of the adult fish was analyzed at 90 days postfertilization (dpf) and 1 year after fertilization. The fish were anesthetized by submersion in 250 mg/L of MS-222 (tricaine methanesulfonate, Sigma-Aldrich, St. Louis, MO), and images were acquired with a digital camera. The total body length and body weight of each fish were measured by a ruler placed underneath the fish and an analytical balance, respectively. The testis was isolated from the body cavity for histological examination. We measured the weight of the gonad, and a gonadal somatic index (GSI) was calculated as (gonad weight/body weight) 3 100%. To analyze the gonad histology, testis samples were fixed in Bouin's solution overnight at room temperature and then immediately dehydrated in a graded series of ethanol, immersed in xylol, and embedded in paraffin wax. The samples were serially cut into 2-to 3-mm sections on a Leica microtome. After rehydration, the sections were stained with hematoxylin and eosin and mounted with Canada balsam (Sigma-Aldrich) for microscopic examination. The area of the spermatozoa was scored in 5 to 10 tubules in 10 different areas and normalized to the area of the whole tubule.
Fertility assessment
The fertility of the male mutant fish was assessed via natural mating between the mutant males and wild-type females in a spawning tray. The spawned eggs were collected in the morning 1 hour after first light. Individuals that spawned or produced fertilized embryos after at least 12 trials were considered fertile (44) .
Sperm quality assessment
The sperm quality was assessed according to a previous report (42) . Briefly, male fish (90 dpf or 1 year after fertilization) were anesthetized with MS-222. To collect sperm, the males were rinsed with clean aquarium water, and any excess water was removed. Then, the fish were placed on a damp sponge dorsal surface down. While the fish was viewed under a dissecting microscope, the anal fin area was dried, and gentle pressure was applied with forceps to squeeze both sides of the fish from just posterior to the pectoral fin toward a point just anterior to the anal fin. Fresh sperm was collected into a calibrated capillary tube, the amount was recorded, and the sperm were diluted in 20 mL of zebrafish sperm-immobilizing solution (140 mM NaCl, 10 mM KCl, 2 mM CaCl 2 , and 20 mM HEPES titrated to pH 8.5 with 1.0 M NaOH). The samples were kept on wet ice and used within 1 hour. To activate the sperm, 1 mL of semen was suspended in zebrafish sperm-immobilizing solution, mixed with 20 mL of aged tap water, and quickly placed in a single well of a 12-well multitest slide (MP Biomedicals, Solon, OH). The slides and coverslips were coated with 1% (wt/vol) polyvinyl alcohol to prevent the sperm from sticking. The sperm quality was assessed via computer-assisted sperm analysis.
Fertilization assays
To induce spawning, one female was paired with one male in a spawning tray. The spawned eggs were collected and counted 1 hour after first light. The developing embryos were maintained at 28°C in 30% Danieau's solution. The fertilized and unfertilized eggs were counted under a dissecting microscope at 4 hours after fertilization. At least 100 embryos from each replicate were scored to determine the percentage of fertilized eggs. The fertilization rate was measured for three matured females and three males in three independent crosses for each fish line.
RNA isolation and real-time polymerase chain reaction
Total RNA was extracted from the testis of the zebrafish with the TRIzol reagent (Invitrogen, Waltham, MA). Complementary DNA (cDNA) was produced from 500 ng of total RNA using the ReverTra Ace a-First Strand cDNA Synthesis Kit (Toyobo, Osaka, Japan) and used as the template. The specific primers used in this study are listed in Supplemental Table 1 . The target gene messenger RNA (mRNA) levels were measured with the SYBR Green PCR Master Mix Kit (ABI) on the ABI Real-Time PCR Fast System (ABI). The following quantitative real-time polymerase chain reaction (PCR) conditions were used in these assays: denaturation at 95°C for 5 minutes, followed by 40 cycles at 95°C for 15 seconds, 58°C for 15 seconds, 72°C for 15 seconds, and 84°C for 10 seconds (fluorescent data collection). All mRNA quantification data were normalized to ef1a and expressed as the fold difference in target gene expression relative to the control.
Whole-body steroid determination
Whole-body extraction of steroids was performed to measure the amount of steroids in each fish. First, the male fish (n = 6) (or brine shrimp) were anesthetized on ice. The body weights were measured with an analytical balance, and the fish were homogenized in 3 mL of phosphate buffer saline in glass tubes with a homogenizer. Steroids were extracted by adding 5 mL of diethyl ether to each tube. The tubes were vortexed for 1 minute, centrifuged at 3,000g for 2 minutes, and then frozen in a methanol and dry ice bath at -30°C after the ether layer containing the steroids was poured off into another set of tubes. The diethyl ether was evaporated under a flow of air. The extraction procedure was repeated twice to increase the extraction efficiency, and the extracted steroids were dissolved in phosphate buffer saline. The amount of each steroid (estradiol, testosterone, and 11-KT) was determined via enzyme-linked immunosorbent assay according to the manufacturer's protocol (Cayman Chemical Company, Ann Arbor, MI). All standards and samples were run in triplicate.
Western blot analysis
Western blot analysis was performed as previously described, with slight modifications (45) . Briefly, the pituitary samples were lysed separately in 40 mL of radioimmunoprecipitation assay lysis buffer (Fudebio-Tech, Hangzhou, China) containing a protease inhibitor cocktail ( (45) . The membranes were blocked for 30 minutes in 5% BSA in tris-buffered saline and Polysorbate 20 before the addition of the primary antibody. The membranes were incubated with secondary antibodies conjugated to horseradish peroxidase, and the protein bands were visualized with enhanced chemiluminescence reagents (Millipore, Billerica, MA). All Western blot analyses were performed twice.
Statistical analyses
All data are expressed as the mean values 6 standard error of the mean. Statistical analyses were performed with one-way analysis of variance followed by Fisher least significant difference test to identify significant differences between groups in GraphPad (GraphPad Software). P , 0.05 was considered significant. All experiments were performed at least twice to confirm the results.
Results
Aromatase-deficient males achieved normal fertility
All of the aromatase-deficient males were viable and developed normally. The gross morphology of the adult male fish was analyzed at 90 dpf. Surprisingly, neither the single-nor the double-mutants showed signs of abnormality in gross morphology [ Fig. 1(a-d) ] and testes (indicated by arrow) development at the anatomical level compared with the wild-type fish [ Fig. 1(e-h) ]. The body weights and body lengths were not significantly different between the genotypes [ Fig. 1(i) and 1(j) ]. No significant difference was found in the GSI values between the different groups [ Fig. 1(k) ]. Furthermore, all the aromatase males were fertile, as demonstrated by their ability to successfully induce egg laying in wild-type females [ Fig. 1(l) ]. These data indicate that aromatase is not needed in male zebrafish to achieve normal fertility.
Sperm characteristics in aromatase-deficient males at 90 dpf
To determine the reproductive capacity of the mutant lines, the sperm morphology and quality were examined. The testicular histology was analyzed at 90 dpf (the male zebrafish in our aquarium system become sexually mature at 60-75 dpf) in fish with each genotype. Spermatozoa were observed in males of all examined genotypes [ Fig. 2(a-d) ]. Both haploid spermatids and spermatozoa with condensed spermheads were observed under a microscope, indicating that spermatogenesis was completed in all of the genotypes [ Fig. 2(e-h) ]. Moreover, we observed more spermatozoa in the cyp19a1a and double-mutant fish than in the wild-type and cyp19a1b mutant fish [ Fig. 2(i) ]. Similar data were obtained for the sperm volume [ Fig. 2(j) ]. The sperm quality was assessed in fish with each genotype. No significant differences were found in sperm motility [ Fig. 2(k) ], average curvilinear velocity (VCL) [ Fig. 2(l) ], and average straightness (STR) [ Fig. 2(m) ] between the different genotypes. Finally, fertilization assays were performed, and the results showed that the fertilization rates were similar (~80%) between the different genotypes [ Fig. 2(n) ].
The mRNA levels of selected testicular genes in the aromatase-deficient males
To determine whether aromatase affected germ cell development, we analyzed the expression levels of a series of spermatogenesis-related genes, including nanos2 (expressed in type A und spermatogonia), piwil1 (expressed in type A spermatogonia), dazl (expressed in type B spermatogonia), sycp3l (expressed in spermatocytes), odf3b (expressed in spermatids), amh, gsdf, igf3 (expressed in Sertoli cells), and insl3 (expressed in Leydig cells). In most cases, aromatase deficiency did not alter germ cell-specific gene expression. For example, gene expression that was specific to type A und spermatogonia (nanos2), spermatogonia (dazl), and spermatocytes (sycp3l) [ Fig. 3(a), 3(c), and 3(d) ] remained unchanged. However, there were two exceptions to this rule. The piwil1 mRNA was expressed at lower levels [ Fig.  3(b) ], and the odf3b mRNA was expressed at higher levels [ Fig. 3(e) ] in the cyp19a1a mutant and aromatase doublemutant males than in the wild-type and cyp19a1b mutant males. We also found that amh expression was lower [ Fig.  3(f) ] and igf3 expression was higher [ Fig. 3(h) ] in the aromatase double-mutants than in the wild-type and cyp19a1b mutant males. The expression of gsdf was not significantly different between the wild-type and aromatase-deficient males [ Fig. 3(g) ]. Finally, a marked increase was observed in insl3 mRNA expression in the aromatase double-mutants [ Fig. 3(i) ]. 
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2/2 male zebrafish at 90 dpf. Gross morphology in the (a) wild-type, (b) cyp19a1a 2/2 , (c) cyp19a1b 2/2 , and (d) cyp19a1a 2/2 ;cyp19a1b 2/2 male zebrafish at 90 dpf. Anatomical examination of the testes (indicated by arrow) in the (e) wild-type, (f) cyp19a1a 2/2 , (g) cyp19a1b 2/2 , and (h) cyp19a1a 2/2 ;cyp19a1b 2/2 male zebrafish at 90 dpf. (i) Body length, (j) body weight, and (k) GSI in adult male zebrafish with the indicated genotypes. (l) The reproductive capacity of males with the indicated genotypes that were crossed with wild-type females. Each value represents the mean value 6 standard error of the mean. dKO, aromatase double-knockout. Figure 2 . Sperm characteristics in the wild-type, cyp19a1a 2/2 , cyp19a1b 2/2 , and cyp19a1a 2/2 ;cyp19a1b 2/2 male zebrafish at 90 dpf. Testicular histology of adult male zebrafish in the (a) wild-type, (b) cyp19a1a mutant, (c) cyp19a1b mutant, and (d) cyp19a1a;cyp19a1b double-mutant
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Steroidogenesis was affected in the aromatase-deficient males Next, we assessed the androgen levels in the whole body by using a competitive enzyme-linked immunosorbent assay. The dominant androgens in zebrafish are testosterone and 11-KT. The concentrations of both androgens were dramatically higher in the aromatase double-mutant males [ Fig. 4(a) and 4(b) ]. Western blot analysis was performed with antibodies raised against zebrafish LHb and FSHb. The results showed that both , cyp19a1b 2/2 , and cyp19a1a 2/2 ;cyp19a1b 2/2 male zebrafish at 90 dpf. (a-i) The relative expression of spermatogenesis-related genes in the testes of the wild-type and aromatase-mutant lines. The mRNA levels were normalized to the ef1a expression level. The average mRNA levels in the testes of the wild-type males was defined as 1.0. Different letters in each dataset indicate statistical significance (P , 0.05). The data are expressed as the mean values 6 standard error of the mean. dKO, aromatase double knockout. the LHb and FSHb protein levels were significantly higher in the pituitary in the double-mutant males [ Fig.  4(c) ]. Next, fshr and lhr expression in the testes was assessed with real-time PCR. We found that fshr expression was significantly higher in the double-mutants [ Fig. 4(d) ], whereas no significant difference in lhr expression was found between the wild-type and aromatase-mutant fish [ Fig. 4(e) ]. Then, the mRNA levels of genes that encoded steroidogenic enzymes in the testes were analyzed. The star, cyp11a2, hsd11b2, and hsd17b3 expression levels were significantly higher in the aromatase double-mutant fish [ Fig. 4(f) , 4(h), 4(m), and 4(o)]. In contrast, the hsd11b1 mRNA expression level was markedly lower in the cyp19a1a mutants [ Fig. 4(l) ]. The levels of most of the evaluated genes, including cyp11a1, cyp17a1, cyp17a2, hsd3b1, and hsd17b1, remained unchanged [ Fig. 4 (g), 4(i), 4(j), 4(k), and 4(n)]. These data suggest that steroidogenesis was affected in the aromatase-deficient males.
Maintenance of normal male fertility in aromatase-deficient males at 1 year after fertilization
Mice lacking a functional aromatase were initially fertile but became infertile over time (24) . Although the zebrafish aromatase double-mutants exhibited normal fertility at 90 dpf, whether fertility was maintained in these fish was unknown. Therefore, we assessed the reproductive capacity of the aromatase mutants at 1 year after fertilization. Mature spermatozoa were observed in both the wild-type and mutant males [ Fig. 5(a-d)] . No significant differences were found in GSI [ Fig. 5(e) ], the spawning rate [ Fig. 5(f) ], sperm motility [ Fig. 5(i) ], and the fertilization rate [ Fig. 5(j) ] between the wild-type and aromatase-deficient males. However, the frequency of sperm in the spermatogenic cysts and the sperm volume were higher in the cyp19a1a fish and the double-mutants [ (Fig. 5(g) and 5(h) ]. These results demonstrated that the reproductive capacity of the aromatase-deficient male zebrafish was normal even at 1 year after fertilization, indicating that estrogens were not needed to maintain normal fertility in male zebrafish.
Discussion
Although the functional roles that estrogens plays in controlling male fertility are well established in mammals (16, 17) , the roles of estrogens in male fertility in nonmammalian species are underexplored. In this study, we examined the roles of estrogens in male fertility in zebrafish by using a genome-editing technique. Our data indicate that estrogens are not needed to achieve and maintain normal fertility in male zebrafish.
Previous studies that explored the functions of aromatase (46) and the ER (47) and the gene expression patterns of aromatase (48, 49) and the ER (5) have increased our understanding of the relationships between estrogens and male reproduction in mammals. The role played by estrogens in male reproduction was demonstrated in the late 1990s in mice generated to lack a functional ERa (6-10), ERb (51), ERab (52, 53), or aromatase (16, (23) (24) (25) . Estradiol clearly plays several critical roles in male reproduction in mammals, including functions in gonocyte and spermatogonia proliferation, meiosis, Sertoli cell functions and spermiation, sperm transport, and epididymal sperm maturation (54) . Although the data in mammals indicate that aromatase and estrogens are important for male reproduction, there is a lack of genetic data regarding its importance in nonmammalian vertebrates. To gain insights into the role of estrogens in male fertility, the function of aromatase must be analyzed. Disrupting the gene encoding functional aromatase blocked estradiol production and enabled us to gain a deeper understanding of the roles of estradiol. Two aromatase genes (cyp19a1a and cyp19a1b) have been identified in zebrafish (34, (36) (37) (38) (39) . In a previous study, we generated cyp19a1a, cyp19a1b, and aromatase double-mutant zebrafish by using the powerful TALENs tool (41) . These fish are ideal models for testing whether estradiol affects the male reproductive system.
It is widely accepted that cyp19a1a is expressed primarily in the gonads, and cyp19a1b is expressed mainly in the brain, although lower levels of each isoform are found in both sites as well as other tissues (35, 36) . Therefore, we examined the estradiol level in the whole body and compared these data between the mutant and wild-type fish. Our data showed that estradiol was nearly undetectable in the cyp19a1a mutants and the aromatase double-mutant (data not shown), indicating that cyp19a1a was the main enzyme that catalyzed the biosynthesis of estrogens; similar data were observed in our previous study (41) . Moreover, estradiol was also undetectable in the food (brine shrimp) eaten by the fish and the water in their recirculation system (data not shown). These data exclude the possibility that the observed estradiol-induced effects were caused by the environment. However, our results showed that neither the aromatase single-(cyp19a1a 2/2 or cyp19a1b 2/2 ) nor double-knockout fish were infertile. The offspring of the aromatase-mutant males also survived to adulthood and exhibited normal fertility (data not shown). Importantly, male CYP19 knockout mice are initially fully fertile (25) , but their fertility decreases with advancing age (24) . Modifications to the testicular histology of the testes in male cyp19 knockout mice begin when the mice are 7 months old, and complete arrest of spermatogenesis is observed after 1 year (24) . Therefore, we assessed the reproductive capacity of aromatase-deficient male zebrafish at 1 year after fertilization. Our results are different from those observed in mice (24) because the aromatase-deficient fish are fully fertile. These observations were similar to those described in previous reports showing that treating zebrafish with an aromatase inhibitor had no effect on sperm activity and morphology (55, 56) . Therefore, we can reasonably assume that estrogens are not necessary to maintain male fertility in zebrafish.
In addition to the observation that normal male fertility was maintained in the aromatase-deficient zebrafish, we also found more sperm in the cyp19a1a mutant and aromatase double-mutant zebrafish. This discovery is supported by our observations regarding the frequency of spermatozoa in the spermatogenic cysts and the sperm volume. To analyze the molecular mechanism underlying the increase in sperm observed in the cyp19a1a mutant and double-mutant males, we evaluated the whole-body androgen levels, FSHb and LHb protein levels in the pituitary, and transcript levels of genes known to be involved in spermatogenesis and steroidogenesis in the testes. First, disrupting aromatase stimulated androgen release in vivo, which was in accordance with the observed increase in the frequency of spermatozoa in the spermatogenic cysts and agreed with the finding that treatment with androgens induced spermatogenesis in a number of teleost species (27, 57, 58) . Second, the LHb and FSHb protein levels in the pituitary were significantly higher in the double-mutant males, perhaps because no negative feedback regulation occurred in these aromatase-mutant fish. Similar results were observed for serum testosterone in ArKO mice, which had higher LH and FSH levels (24, 25) . The observed increase in the androgen levels was correlated with a progressive increase in FSHb, indicating that the potency of testicular androgen was determined by FSHb. Moreover, FSH is effective at inducing testicular growth and stimulating germ cell development (59) . Third, the igf3 expression level was significantly higher and the amh expression level was significantly lower in the aromatase double-mutants. These results probably occurred because FSHb stimulated zebrafish spermatogenesis by controlling the balance between inhibitory (amh) and stimulatory (igf3) signals (60). Fourth, the insl3 level (expressed in Leydig cells, which are a major site of androgen synthesis and release) was markedly higher in the aromatase double-mutants, which could explain why the androgen levels were higher. Finally, aromatase knockout stimulated the testicular expression of key steroidogenic genes, including star, cyp11a2, hsd11b2, and hsd17b3. Notably, hsd11b2 and hsd17b3 are the key steroidogenic genes that catalyze the biosynthesis of androgens. Taken together, our data indicate that a lack of aromatase affects the biosynthesis of androgens, the FSHb and LHb protein levels in the pituitary, and the transcript levels of genes known to be involved in spermatogenesis and steroidogenesis.
In the current study, we demonstrated phenotypic similarities and differences in aromatase and estrogen receptor mutants between mice and zebrafish. These results are compared in Table 1 . Fertility and spermatogenesis were affected in aERKO, abERKO, and ArKO mice, and these results provide strong support for the hypothesis that estrogens are needed for normal reproduction (6-9, 24, 25, 51) . In contrast, the reproductive capacity of the aromatase double-mutant zebrafish was normal. Moreover, in a previous study, full male fertility and normal spermatogenesis were observed in single (esr1, esr2a, and esr2b), double (esr1;esr2a, esr1; esr2b, and esr2a;esr2b) and triple (esr1;esr2a;esr2b) estrogen receptor mutant zebrafish (61) , which strongly supported our results. Although the loss of aromatase did not affect the reproductive phenotypes in our experiments, we noted that the LHb, FSHb, and androgen levels were higher in the aromatase double-mutant zebrafish, which was consistent with the results obtained in the aromatase-mutant mice. We found that male fertility was not impaired in several zebrafish mutant lines that lacked either one or both aromatase genes. Our findings provide genetic evidence that estrogens are not needed to achieve and maintain normal fertility in male zebrafish. These data advance our understanding of estrogens in vertebrates.
